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Introduction
The development of more rapid and efficient bacterial identification methods is a continuing area of research. One of the alternate methods used to identify bacteria involves the detection of characteristic bacterial volatile organic compounds (VOCs) [1] . However, bacterial VOC profiles are influenced by the microbiological sample preparation procedures e.g. choice of culture media, as well as the analytical sampling, extraction and chromatographic procedures e.g. choice of separation column, all of which can create many inconsistencies. A modification of this approach is to intentionally add an enzyme substrate into the culture media which, in the presence of a specific enzyme, will liberate a unique VOC which can be sampled and analysed [2] [3] [4] . Bacteria can be divided into two major groups, called Gram-positive and Gram-negative. The cell wall of Grampositive bacteria consists of mainly a thick layer of peptidoglycan, but lacks the lipopolysaccharide outer membrane characteristic of Gram-negative cells. The original distinction between both groups was based on the Gram-stain, which depends on differences in the structure of the cell wall [5] .
Clinical outcome in patients with bacterial infections is strongly related to the early administration of an appropriate antibiotic therapy. Confirmation of the adequacy of the antibiotic therapy initially chosen still depends on the results of conventional microbiological diagnostic methods. By using these methods, this important information is available after 48 to 96 h [6] . Clinical studies have shown a dramatic increase in hospital mortality associated with the delay of adequate antibiotic therapy for more than 24 h [7] . Unfortunately, the most active agents against Gram-negative bacteria are not very effective against Gram-positive bacteria [8] . Several species display variable Gram-stain reactions which often make identification difficult. Some factors, such as the age of the culture, excessive decolourisation with powerful solvents such as acetone, exposure to antimicrobial agents or the composition of the growth medium, can influence the Gram-stain reaction.
Additionally, errors in determining the Gram reaction have been observed, since strains appear to be Gram variable. These errors may lead to misidentification [9] .
It is well known that microbial species produce a range of volatile compounds including alcohols, aliphatic acids, and terpenes [10] . There have been many studies related to the production of volatile compounds, for example, production of volatile compounds by Coryneform bacteria in liquid cultures [11] , comparison of volatile compounds in yogurt made with milk and soymilk [12] , volatile compounds produced by acid bacteria to enhance aroma in sourdough bread [13] , identification of the bacteria responsible for the spoilage of smoked salmon [14] , characterization of microorganisms for their production of odor-active volatile compounds and evaluation of their utility as ripening cultures in cheese manufacture [15] .
The detection of characteristic bacterial VOC profiles could potentially be a useful diagnostic tool in the identification of bacteria in clinical and food samples [3] . A major advantage of VOCs methods is simplified sample preparation. VOCs can be extracted directly from the head space (HS) of the clinical or food sample, whereas traditional methods used in a microbiology laboratory often rely upon time-consuming, laborious culturing, enrichment broths, and biochemical methods for bacterial identification [3] . The appearance of a characteristic volatile compound profile is attributable to the specific metabolism or metabolic pathway(s) that are active in the bacteria.
Depending on the growth media and growth conditions, the bouquet of released compounds can vary, e.g. the growth of Stenotrophomonas rhizophila P69 on nutrient broth with and without glucose results in qualitatively and quantitatively different GC profiles [16] .
For selective isolation and differentiation of food-associated spoilage and pathogenic bacteria of interest, a variety of chromogenic and fluorogenic culture media are available. Incorporation of enzyme substrates into selective media may expedite (or eliminate) follow up biochemical confirmation of bacterial identity. Fluorogenic enzyme substrates consist of a sugar or amino acid conjugated to a fluorogen [17] . These substrates have been used with the purpose of studying the kinetics of specific enzymes according to the following general principle: the substrate is hydrolysed by the specific enzyme, yielding free chromo-or fluorophores. These detection principles have since been found useful in microbiological assays [17] . The detection of VOCs liberated following enzyme activity should increase the specificity of bacterial VOC profiles, as these liberated VOCs would act as markers for a particular species, hence aiding identification of bacteria [3] .
The L-alanine aminopeptidase enzyme has been suggested for differentiating Gram-negative and Gram-positive bacteria [18] and has been correlated well with the Gram reaction [19] . The L-alanine aminopeptidase enzyme is generally located in the cell wall of Gram-negative bacteria [20] . Enzyme substrates are also available to purchase separately but these substrates generally incorporate compounds that are chromogenic on release and are often unsuitable for VOC analysis due to the non-volatility of the cleaved compounds [21] . Chromogenic enzyme substrates are mainly phenol derivatives, such as 2-nitrophenol [22] . James et al. [20] reported a potential application for detecting and identifying Gram-positive and Gram-negative bacteria with L-alanine-based substrates as the selected chromogenic L-alanine aminopeptidase substrates inhibit the growth of several Gram-positive bacteria including Enterococcus faecalis. In this paper two enzyme substrates were designed and synthesized to allow differentiation of Gram-negative from Gram-positive bacteria.
The substrates are 2-amino-N-phenylpropanamide and 2-amino-N-(4-methylphenyl)propanamide which liberate aniline and p-toluidine, respectively, in the presence of L-alanine aminopeptidase enzyme activity [23] . The generated bacterial VOCs were sampled and chromatographically analysed using two different approaches. The use of headspace solid phase microextraction coupled to gas chromatography mass spectrometry (HS-SPME-GC-MS) allows the volatiles in the headspace of the broth samples to be pre-concentrated prior to separation and analysis by GC-MS. An alternate approach uses a static headspace approach coupled to a multi capillary column gas chromatography with ion mobility spectrometry detection (SHS-MCC-GC-IMS) to analyse the samples. Ultimately the use of headspace sampling of gaseous exogenous volatiles, by either approach, is advantageous over the direct sampling of products in the liquid nutrient broth as it provides a 'cleaner' extract with the associated inherent 'cleaner' chromatogram. This not only allows a longer column life-time but also provides the potential for interference-free sampling.
Experimental

Chemicals and reagents
All reagents used were, at least, of analytical grade. N-methyl-2-pyrrolidone (99%), aniline (≥99%), ptoluidine (99%), Boc-L-alanine-OH (≥99.0%), N-methyl morpholine (98%) isobutyl chloroformate (98%), citric acid (99%), NaHCO3 (≥99 %), hydrochloric acid (0.1M), MgSO4 (≥99%), and tetrahydrofuran (THF) (99%) were purchased from Sigma Aldrich (Poole, UK). All other solvents (dichloromethane (DCM), ethyl acetate, and acetone) were of analytical reagent grade, and purchased from Fisher Scientific (Loughborough, UK).
Stock solutions (10,000 ppm) were prepared using N-methyl-2-pyrrolidone. Ultra-164 pure water of conductivity 18.2 MΩ.cm was produced by a direct QM Millipore system 165 (Mosheim, France) and was used in all dilution steps. Brain heart infusion (BHI) broth and Tryptone Soya Agar (TSA) were purchased from Oxoid (Basingstoke, UK). A SPME fibre, 85 μm polyacrylate (PA), for extracting bacterial VOCs, was purchased from Supelco Corp. (Bellefonte, PA, USA). The fibre was conditioned in the GC injection port prior to use as directed by manufacturer's guidelines and was used with a manual holder.
Instrumentation
Gas chromatography mass spectrometry (GC-MS) analysis was performed on a Thermo Finnigan Separation of bacterial VOCs was achieved using the following temperature program. Sampling: incubation temperature at 50 °C for 5 minutes. Injection: the syringe temperature was set at 85°C, then 0.5 mL was injected at 80 °C, the column was at 70 °C and the carrier gas flow at 100 mL/min. IMS conditions: 60 °C in drift tube temperature and 500 mL/min drift gas flow. 
Microbiology
Synthesis of enzyme substrates
Synthesis of 2-amino-N-phenylpropanamide: Tert-butyl N-[1-(phenylcarbamoyl)ethyl]carbamate, an intermediate compound (Figure 1(A) ) was synthesised from Boc-L-alanine (1.0683 g, 5.65 mmol) in dry THF (5 mL), to this N-methyl morpholine (0.59 mL, 5.38 mmol) was added and reaction was cooled to -10 C and stirred for 30 minutes. After which isobutyl chloroformate (0.70 mL, 5.38 mmol) was added, mixture was stirred for a further 2 minutes, then an ice-cooled solution of aniline (0.43 mL, 5.38 mmol) dissolved in THF (5 mL) was added and the mixture was stirred at -10 C for 2 hours, then allowed to heat to room temperature with stirring overnight. The resulting mixture was concentrated, then extracted into DCM, washed with citric acid (0.1 M, 20 mL), NaHCO3 (10%, 20 mL), water (20 mL), dried (MgSO4) and concentrated to give white crystals (1.1836, 83.27%).
The synthesis of 2-amino-N-phenylpropanamide HCl was made from the intermediate (Figure 1 (Figure 1(B) ) (1.5018 g, 7.94 mmol) in dry THF (7 mL), to this N-methyl morpholine (0.83 mL, 7.56 mmol) was added and reaction was cooled to -10 C and stirred for 30 minutes. After which isobutyl chloroformate (0.99 mL, 7.56 mmol) was added, mixture was stirred for a further 2 minutes, then an ice-cooled solution of p-toluidine (0.81 mL, 7.56 mmol) dissolved in THF (7 mL) was added and the mixture was stirred at -10 C for 2 hours, then allowed to heat to room temperature with stirring overnight. The resulting mixture was concentrated, then extracted into DCM, washed with citric acid (0.1 M, 20 mL), NaHCO3 (10%, 20 mL), water (20 mL), dried (MgSO4) and concentrated to give crude product as yellow solid, recrystalisation in ethanol give desired product as white crystals (0.8051 g, 38.26%). Synthesis of 2-amino-N-(4-methylphenyl)propanamide HCl was synthesised from its intermediate (Figure 1 Media with enzyme substrate was prepared by dissolving 5 mg of enzyme substrate in 500 µL of BHI broth then transferring aliquots aseptically to BHI broth (10 mL total volume). All samples were incubated overnight at 37 °C. Inoculated and uninoculated broths were incubated for 18 hours at 37
°C and then subjected to volatile profiling via HS-SPME-GC-MS or SHS-MCC-GC-IMS.
Procedure for HS-SPME-GC-MS
Bacterial VOCs were extracted from the headspace of inoculated and uninoculated broths and concentrated via SPME before desorption in the hot GC injection port. All samples and blanks were held at 37 °C in a water bath for 15 minutes prior to VOC extraction and kept at this temperature throughout sampling. A fused-silica SPME fibre with polyacrylate (PA) coating, pierced the PTFE septum, was exposed in the headspace of the vial for 10 minutes. Immediately after VOC extraction the SPME fibre was exposed in the hot GC injection port for 3 minutes for desorption of bacterial VOCs. VOCs liberated by bacteria inoculated with the enzyme substrates (2-amino-Nphenylpropanamide and 2-amino-N-(4-methylphenyl)propanamide) were separated on the polar GC column using the Trace GC and DSQ quadrupole mass spectrometer.
Procedure for SHS-MCC-GC-IMS
For IMS measurement, after the HS-SPME procedure, 1 mL of the samples were put into 20 mL glass vials that were closed with PP caps with PTFE/silicon septa, and immediately connected with the sample inlet system. All samples were incubated at 50 °C for 5 minutes prior to VOC extraction and 0.5 mL of the head space was injected.
Data Analysis
Calibration graphs of all VOCs were prepared by spiking standards of known concentrations into water. VOCs were quantified using external calibration and the values for limit of detection (LOD) and limit of quantification (LOQ) were determined as the peak area 3 times the signal to noise ratio and 10 times the signal to noise ratio, respectively. Principal Component Analysis of the VOC data was done using R version 3.2.3 [24] .
Results and Discussion
Analytical Data
The analytical performance of the two enzyme substrate exogenous VOCs, i.e. aniline and ptoluidine, was done by SHS-MCC-GC-IMS (Figure 1 ). The retention times of aniline and p-toluidine were 359.3 ± 1.4 s and 551.4 ± 1.7 s, respectively. Both compounds had a monomer and a dimer;
aniline had drift times of 7.89 ± 0.02 and 9.82 ± 0.02 ms, respectively (Figure 1(B) ) while p-toluidine had drift times of 8.35 ± 0.02 and 10.65 ± 0.01 ms, respectively (Figure 1(C) ). In addition, it was also possible to calculate the relative drift time (trdrift) for each VOC using the following equation (1) [25]. trdrift = td / tdRIP (1) where td is the measured drift time of the VOC and tdRIP is the drift time of the reactant ion peak (RIP) ( Table 1) . Additionally, the normalised reduced ion mobility (Ko, cm 2 V −1 s −1
) can be calculated for aniline and p-toluidine. Firstly, this involves calculating the normalised reduced ion mobility for the RIP (Ko(RIP)) (using equation 2):
Where L is the length of the drift region (cm), E is the electrical field strength (V), tD(RIP) is the drift time (s) of the RIP, P is the pressure of the drift gas (hPa), Po is the standard atmospheric pressure (1013.2 hPa), T is the temperature of the drift gas (K), and To is the standard temperature (273 K).
The normalised reduced ion mobility for the RIP (Ko(RIP) was experimentally determined to be 1.56 ± 0.02 cm 2 V −1 s −1 (n = 20). Finally, it is possible to determine the normalised reduced ion mobility (Ko) for aniline and p-toluidine (equation 3):
Where FIMS is the IMS factor (cm 2 V -1 ) derived as follows: FIMS = K0(RIP) . tD(RIP); and, tD(VOC) is the drift time (ms) of the VOC. The derived normalised reduced ion mobilities for aniline and p-toluidine for their respective monomers and dimers are shown in Table 1 .
The calibration data for aniline and p-toluidine using SHS-MCC-GC-IMS was determined (Table 2) .
Non-linearity was determined for both aniline and p-toluidine over the concentration range 0 -30 µg/mL. However, a linear calibration graph was obtained for aniline over the concentration range 0-6 µg/mL with a correlation coefficient, R 2 , of >0.99; similarly, p-toluidine produced a linear calibration graph over the concentration range 0-15 µg/mL with a correlation coefficient, R 2 , of >0.99 (Table 2) .
Analytical data were also determined for aniline and p-toluidine, as well as indole, by HS-SPME-GC- , of >0.99 in all cases. The limit of detection (LOD) and limit of quantitation (LOQ), based on 3 or 10 x standard deviation of the blank, were determined for each VOC. The inclusion of a pre-concentration step, using SPME, allowed superior LOD and LOQ to be obtained using GC-MS (Table 2 ). Typical inter-day precision data for analysis by HS-SPME-GC-MS was as follows: aniline 4.2% RSD, p-toluidine 3.0% RSD, and indole 6.9% RSD, respectively, for a 10 ppm standard. Whereas, typical inter-day precision data for SHS-MCC-GC-IMS was as follows: aniline 14.3% RSD and ptoluidine 10.7% RSD, respectively, for a 5 ppm standard.
Analysis of selected Gram-positive and Gram-negative bacteria
L-alanine aminopeptidase activity was tested in 15 Gram-negative and 7 Gram-positive bacteria by both SHS-MCC-GC-IMS and HS-SPME-GC-MS using two synthesised enzyme substrates: 2-amino-Nphenylpropanamide and 2-amino-N-(4-methylphenyl)propanamide. An example chromatogram showing the evolution of the VOCs from Escherichia coli NCTC 9001 and detection by SHS-MCC-GC-
IMS is shown in Figure 3 , with detection by SPME-GC-MS in Figure 4 . Table 3 outlines the concentration of aniline and p-toluidine produced by Gram-negative and Gram-positive bacteria tested by each analytical technique. In addition, indole a naturally occurring VOC resulting from tryptophan activity [26] was determined by HS-SPME-GC-MS.
In the case of SHS-MCC-GC-IMS aniline and p-toluidine were generated by all Gram-negative bacteria after 18-24 hours of incubation at 37 °C, but based on the determined LOQ (0.5 ppm for aniline and 0.18 ppm for p-toluidine) the amount of both compounds is negligible for Stenotrophomonas maltophilia; this could be because its optimum growth temperature is 35 °C [27] . have previously demonstrated L-alanine aminopeptidase activity [19] . All bacteria demonstrated uninhibited growth in the presence of both enzyme substrates that is important because selected chromogenic L-alanine aminopeptidase substrates were reported to inhibit the growth of several Gram-positive bacteria including E. faecalis [21] . In addition, indole was found in all E. coli strains [29] and in two more bacteria: Yersinia enterocolitica and Providencia rettgeri. Y. enterocolitica is indole-variable [30] and P. rettgeri is known to produce indole [31] .
It is noted (Table 3) in all cases that HS-SPME-GC-MS detects a statistically significantly higher concentration (p = 0.05) of both aniline and p-toluidine (typically by a factor of x2), as compared to SHS-MCC-GC-IMS. Statistical significance was tested using the t-distribution based on the comparison of two means, with 4 degrees of freedom, and a critical value of 2.78 at the 95% confidence interval (p = 0.05). This was expected given that SPME provides a pre-concentration of the available volatiles in the headspace above the BHI broth. However, and often in clinical and food applications, diagnosis of bacterial infection or contamination is required rapidly then the speed of analysis is important. In this situation, identification and analysis of the exogenous VOCs is known within approximately 16 min (including sampling (5 min) and analysis times (10.85 min for ptoluidine)) using SHS-MCC-GC-IMS as compared to approximately 22 min (including sampling (10 min), fibre desorption (3 min) and analysis times (9.2 min for p-toluidine)) using HS-SPME-GC-MS. It is suggested that these overall speed of analysis differences are marginal considering that the bacterial growth in BHI broth is done over 18 hours.
To demonstrate the capabilities of this approach for clinical and food samples based on the use of enzyme substrates, and the detection of exogenous VOCs to differentiate between Gram-negative and Gram-positive bacteria it was necessary to establish a visual representation protocol. This was done using radial plots for both HS-SPME-GC-MS and SHS-MCC-GC-IMS for aniline and p-toluidine ( Figure 5 ). It is clearly demonstrated that in all cases the Gram-negative bacteria produced a significant concentration of both aniline and p-toluidine in all cases, except Stenotrophomonas maltophilia NCTC 10257. In addition, and based on the amounts of aniline and p-toluidine generated, multivariate analysis of the data using principal component analysis (PCA) was carried out using R (version 3.2.3) [24] . Figure 6 shows the results of the PCA, based on the mean VOC concentration by both analytical techniques, with respect to Principal Component (PC) 1 and PC2.
PC1 identified 97.2% while PC2 2.1% of the data variance. PCA identified two visually distinct clusters; one cluster that included all Gram-negative bacteria, except Stenotrophomonas maltophilia NCTC 10257, while the other cluster included all Gram-positive bacteria.
Conclusion
This paper highlights the benefits of the incorporation of enzyme substrates into culture media, e.g.
broth, as an aid to bacterial VOC analysis in terms of increasing specificity between different pathogenic bacteria. Two approaches for the sampling and detection of exogenous VOCs have been investigated, specifically HS-SPME-GC-MS and SHS-MCC-IMS. It was found that the use of SPME, with its inherent sample pre-concentration approach, allowed lower limits of detection for both aniline and p-toluidine. This approach has the potential to be of use as a diagnostic tool in the detection of pathogenic bacteria in both clinical and food laboratories. However, it is recognised that in polymicrobial samples the use of antibiotics, to reduce or eliminate competing bacteria species, will be necessary. Specifically, the approach could be used as an effective first step to eliminate Gramnegative pathogenic bacteria in an initial screening of sample types. 
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